The green-fruited Lycopersicon hirsutum Humb. and Bonpi. The green fruited, wild Lycopersicon species (subspecies Eriolycopersicon) has been reported to contain high levels of sucrose, as compared with the red-fruited (Eulycopersicon) species, which contains primarily glucose and fructose in the mature fruit, with only trace amounts of sucrose (4). The species that accumulate sucrose are characterized by high TSS2 content ('Brix) and are of potential importance in improving fruit quality of cultivated Lycopersicon esculentum '
The green fruited, wild Lycopersicon species (subspecies Eriolycopersicon) has been reported to contain high levels of sucrose, as compared with the red-fruited (Eulycopersicon) species, which contains primarily glucose and fructose in the mature fruit, with only trace amounts of sucrose (4) . The species that accumulate sucrose are characterized by high TSS2 content ('Brix) Mill. (20) . Sucrose-accumulating storage tissues are characterized by a metabolic transition during development. During the initial growth phase, soluble acid invertase activity was relatively high, declining concomitantly with sucrose accumulation. Such a transition has been reported, for example, in sugar beet (7) , sugar cane (8) , sweet melon (12, 16, 18, 21) , carrot (19) , and citrus (14) . In Solanaceae other than Lycopersicon, we have observed such a transition in Solanum muricatum Ait. (pepino) fruit (22) . Among the Lycopersicon spp., Manning and Maw (17) reported that the sucrose-accumulating Lycopersicon peruvianum Mill. and Lycopersicon hirsutum had low soluble invertase activity, as compared with L. esculentum. Recently Yelle et al. (26) reported a loss of acid invertase activity during the development of the sucroseaccumulating Lycopersicon chmielewskii.
In some of the above storage organs, sucrose accumulation is accompanied by an increase in sucrose synthase activity (6, 16, 18, 21, 22) , suggesting that this enzyme may play a physiologically significant role. However, such a rise in activity has not been reported consistently ( 12) .
A rise in SPS activity parallels the rise in sucrose during the development of sweet melon (12, 16) . Recently Hubbard et al. (12) , following a procedure that minimized loss of labile SPS activity during tissue preparation and extraction, reported a sharp increase in SPS activity in sweet melons, reaching an activity of 32 ,umol of sucrose (g fresh weight)-' h-'. They suggested that sucrose accumulation is determined by the balance between sucrose synthesis (SPS activity) and degradation (invertase and sucrose synthase activities). Recently Fieuw and Willenbrink (6) also reported SPS activity, previously undetected in sugar beet root, using refined assay conditions.
In this paper, we report a sharp rise in SPS activity, together with the loss ofsoluble acid invertase, during the development of L. hirsutum, a green-fruited, sucrose-accumulating species. The roles of sucrose-metabolizing enzymes in determining sink strength and sucrose accumulation are discussed. 
MATERIALS AND METHODS

Enzyme Extraction and Assays
Acid Invertase
Invertase activity was extracted and assayed according to the method of Schaffer et al. (22) with modifications. Approximately 1 g fresh weight frozen tissue was homogenized in a Kinematica homogenizer in 3 volumes of extraction buffer containing 50 mM Hepes-NaOH (pH 7.5), 0.5 mm Na-EDTA, 2.5 mm DTT, 3 mm diethyldithiocarbamic acid, 0.5% (w/v) BSA, and 1% (w/v) insoluble PVP. PVP was necessary during the extraction of L. hirsutum since extracts quickly browned in its absence (1) . After centrifugation at 1 8,000g for 30 min, supernatants were dialyzed for about 16 h against 25 mM Hepes-NaOH (pH 7.5) and 0.25 mM Na-EDTA and used as the crude soluble enzyme extract. The insoluble pellet was homogenized twice in 10 mL of the extraction buffer and after centrifugation was suspended in 3 mL of 50 mm HepesNaOH (pH 7.5) and 0.5 mM Na-EDTA. To solubilize the 'insoluble' invertase activity, NaCl (0.2-1.0 M final concentration) was added to the initial extraction buffer.
Invertase activity was assayed in 0.6 mL of 0.1 M K2HPO4-0.1 M citrate buffer (pH 5), 0.2 mL 0.1 M sucrose, and 0.2 mL of enzyme extract. Incubation was for 30 min at 37°C. The reaction was stopped and reducing sugars were measured using dinitrosalicylic acid (23 (Fig. 1 ). Glucose and fructose levels did not change significantly throughout development. Starch levels were low even at the early stages ( Fig. 1 ) and declined even further during development.
A comparison with a number of L. esculentum cv and breeding lines (Table I) showed that in the mature, ripe fruit the distinguishing characteristic of L. hirsutum is its accumulation of high concentrations of sucrose. Glucose and fructose levels of L. hirsutum were similar to those in the large-fruited L. esculentum cv. The small-fruited L. esculentum cv had higher glucose and fructose concentrations than did the wild species. However, the high level of total sugars in the wild species reflects primarily the elevated sucrose content. Invertase activity could be separated into nonsaline buffersoluble ('soluble') and saline buffer-soluble (presumably cellwall bound) activities (Fig. 2) . At low NaCl concentrations, there is significant acid invertase activity associated with the particulate fraction, whereas at high NaCl concentrations this activity is solubilized.
Soluble acid invertase activity is practically undetectable in 70 daa L. hirsutum, whereas in comparison, ripe L. esculentum cv had extremely high activity (Fig. 3) . At early stages of development, 'soluble' acid invertase activity was present in the wild species, but this activity declined concomitantly with sucrose accumulation (Fig. 4) . The insoluble acid invertase activity remained relatively constant throughout development, so that at the final stages of development practically all of the invertase activity was particulate-associated. In L. esculentum cv BR-124, invertase activity was present in green, immature fruit and increased sharply during the ripening process (Fig. 5) . Analogous results were observed during the development of cv F-121 and breeding line P-10 (data not presented), similar to previous reports of ripening-associated increase in invertase ( 17) .
SPS activity was measured using the precautions recently reported by Hubbard et al. (12) . Figure 6 shows that SPS activity in 70 daa L. hirsutum was more than 3.5-fold higher than observed in L. esculentum cv that included both smallfruited and large-fruited types. Low activity was observed during early developmental stages of L. hirsutum fruit (Fig. 7) . Activity rose sharply, parallel to sucrose accumula- (Fig. 8) . Sucrose synthase activity was barely detectable in L. hirsutum from 40 daa (Fig. 7) .
DISCUSSION
The present results show that the wild species L. hirsutum can be classified as a sucrose-accumulating fruit, with a biphasic pattern of sucrose accumulation, similar to sweet melon (12, 16, 18, 21) , pepino (22) , and L. chmielewskii (26) . The wide spectrum of L. esculentum cv that we and others (4) enon in plant storage organs, presumably due to compartmentation of both sucrose and soluble acid invertase in the vacuole (15) .
To the best of our knowledge, this is the first report of SPS activity in the Lycopersicon genus. The sharp rise in activity coinciding with sucrose accumulation, together with the high levels of observed in vitro activity, strongly suggest physiological significance with respect to the accumulation of sucrose. SPS activity has been reported in mature, sucrose-accumulating sugar cane stalks (9), sugar beet roots (6) , and sweet melon fruit (12, 16) . It is not unlikely that the presence of high SPS activity is characteristic of sucrose-accumulating tissues and that reports of insignificant or low activity in such tissue (16) may be due to the assay methods used. Recently some of the precautions necessary for the assay of labile SPS have been emphasized (12) .
Hubbard et al. (12) have presented a scheme whereby sucrose accumulation in melon fruit is determined by the relationship between sucrose synthesizing (SPS) activity and sucrose breakdown (invertase and sucrose synthase) activities. Accordingly, the loss of soluble acid invertase activity prevents (20 daa) fruit, before the onset of significant sucrose accumulation. We hypothesize that during the sucrose accumulation phase, when SPS activity is high and soluble acid invertase activity is low, sucrose accumulation may occur via a dual mechanism: (a) the intact storage of translocated sucrose, without hydrolysis; and (b) the resynthesis of sucrose via SPS. At early stages of development, when SPS activity is low, the first mechanism may work alone.
In addition, the high SPS activity we observed also suggests the possibility that sucrose may be synthesized from alternative substrates other than those derived from sucrose hydrolysis. For example, nonphotosynthetic CO2 fixation and refixation ofCO2 from fruit respiration (2) may ultimately provide substrates for SPS activity. Furthermore, fruit-derived photosynthate may also provide precursors for sucrose synthesis, and in this respect it may be important to emphasize that those Lycopersicon species that accumulate high levels of sucrose are green-fruited during the stage of sucrose accumulation.
The results of this study also indicate that acid invertase is not always an indication of sink strength, as pointed out previously by Yelle et al. (26) . Although a correlation may yet be found between sink strength and invertase activity in L. esculentum (25) , in the sucrose-accumulating Lycopersicon species this is not the case (26) . Similarly, the correlation between starch content in the young fruit and TSS in the mature L. esculentum reported by Dinar and Stevens (5) does not apply to the wild species studied (Fig. 1) .
